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JKT-7400 virus is an orbivirus originally isolated from Culex mosquitoes. In earlier work we had described the viral
structural proteins and presented evidence suggesting that a minor protein, VP6, located in the viral core was the viral
guanylyltransferase. We now show that gradient-purified JKT-7400 virions possess a methyltransferase (MTase) activity
which can use GTP or GDP as the methyl acceptor. The apparent Km of the MTase for S-adenosylmethionine (AdoMet) was
25 mM. Photoaffinity labeling experiments in which 3H-[methyl]-AdoMet was incubated with virions or viral cores demon-
strated labeling of VP4, a minor protein present in the viral core, suggesting that this protein is the viral MTase. Labeling
of VP4 was inhibited by addition of unlabeled AdoMet or S-adenosylhomocysteine (AdoHcy). q 1997 Academic Press
INTRODUCTION of similar experiments done with other viruses in the
family Reoviridae (Shatkin et al., 1983; Cleveland et al.,
JKT-7400 virus was among a group of viruses iso- 1986), as well as with vaccinia virus (Shuman and Hur-
lated from Culex mosquitoes in Indonesia. In an initial witz, 1981), the labeling of VP6 in this manner suggests
report describing this virus (Vazeille et al., 1988), it was that it is the mRNA capping enzyme; i.e., the guanylyl-
shown to grow in Ae. albopictus mosquito cells and transferase.
cause cytopathic effect. Based on its size, morphology, The demonstration that, when incubated with all four
and the fact that its genome was composed of 10 seg- ribonucleoside triphosphates and S-adenosylmethionine
ments of dsRNA, JKT-7400 was assigned to the genus (AdoMet), purified preparations of vaccinia virus or vari-
orbivirus (prototype blue tongue virus [BTV]), in the ous members of the Reoviridae family, synthesize
family Reoviridae. mRNAs which are capped and methylated at their 5*
In extending this work we worked out conditions to termini, indicates that the viral particles contain all the
maximize JKT-7400-induced CPE in Ae. albopictus cells, enzymatic activities needed not only to synthesize the
developed a plaque assay, and cloned a strain of virus viral mRNAs, but also to cap and methylate their 5* ter-
(JKT-7400HJL), which was much more cytopathic than the mini. Although an RNA methyltransferase (MTase) activ-
original uncloned population. We confirmed that the virus ity, which can use GTP as a methyl acceptor, has been
contained 10 segments of dsRNA, and showed that like shown for vaccinia virus (Martin and Moss, 1975), to our
BTV, JKT-7400 contained seven structural proteins, of knowledge there has been no direct demonstration of
which four were major proteins and three were minor an MTase activity for any virus in the family Reoviridae.
proteins. By using proteolytic enzymes and high concen- We report here that JKT-7400 virions contain an MTase
trations of MgCl2 , we were able to degrade the virus in a activity which can use GTP as a methyl acceptor. The
stepwise fashion and showed that the four major proteins results of experiments in which virions and core particles
made up the outer and inner shells of the virus, whereas were photoaffinity-labeled with 3H-[CH3]-AdoMet, sug-the three minor proteins, VP1, VP4, and VP6, were pres- gest that VP4, a minor structural protein localized in the
ent in the viral core (Liao and Stollar, 1997). viral core, is the viral mRNA MTase.
Last, we showed that when whole virions or cores
were incubated with [a32P]GTP, there was specific label-
MATERIALS AND METHODSing of VP6, one of the minor structural proteins in the
viral core (Liao and Stollar, 1997). Based on the results Cells and viruses
The Aedes albopictus cells, clone C7-10, have been1 Present address: Department of Pathology, SUNY at Stony Brook,
described previously (Durbin and Stollar, 1984), as haveStony Brook, NY 11794-8691.
the original JKT-7400 virus and the JKT-7400HJL strain de-2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (908) 235-5223. E-mail: stollar@umdnj.edu. rived from the original stock (Liao and Stollar, 1997).
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Purification of virus and preparation of virus core
particles
To purify JKT-7400HJL virus from the culture medium
of infected A. albopictus cells, virus was pelleted and
subjected to sucrose gradient centrifugation as de-
scribed by Liao and Stollar (1997). To prepare virus cores,
gradient-purified virus was incubated for 60 min at 377
in 50 mM Tris–HCl (pH 8.0) containing 350 mM MgCl2 ,
and 80 mg chymotrypsin/ml. After centrifugation of the
FIG. 1. Methylation of GTP by JKT-7400HJL virions, as a function ofreaction mixture at 12,000 rpm for 20 min, the pelleted
time and concentration of virus. (A) Gradient-purified JKT-7400HJLcores were washed and then suspended in 50 mM Tris –
virus particles were incubated at 377 with 2 mM GTP and 2.75 mCi
HCl (pH 8.0). of 3H-[methyl]-AdoMet (75.9 Ci/mmol) for the indicated time intervals.
(B) Increasing amounts of gradient-purified JKT-7400HJL virus parti-
Assay of methyltransferase activity cles were incubated with 5 mM GTP and 100 mM 3H-[methyl]-AdoMet
(60 mCi/ml) for 2 hr at 377. The radioactivity as indicated on the
Methyltransferase reactions were performed ac- ordinate reflects the amount of GTP which is methylated, i.e., the
cording to Scheidel et al. (1989) in a 50-ml reaction mix- methyl transferase activity. Further details concerning the reaction
mixtures and the measurement of methylated GTP are presentedture containing virion protein, 2 mM MgCl2 , and 50 mM
under Materials and Methods.Tris–HCl, pH 7.2. Unless otherwise indicated, the methyl
acceptor was GTP (2 mM); the methyl donor, 3H-[methyl]-
labeled AdoMet, was added as indicated for the specific ceptor. DTT was added as indicated, and the reaction
experiments, and incubation was at 377. After a 2-hr incu- mixture was subjected to short wave UV light (254 nm)
bation, SDS (10%) and NH4Cl (2M) were added to give irradiation (0.96 J). The irradiated samples were analyzed
final concentrations of 1% and 1 molar, respectively. The by SDS–polyacrylamide gel electrophoresis and fluorog-
reaction mixture was then extracted three times with 2 raphy, in order to identify the protein to which the labeled
vol of phenol. One hundred microliters of the last aque- AdoMet was bound.
ous phase (which contains the methylated and therefore
radiolabeled GTP) was added to 5 ml of scintillation fluid
RESULTSand counted. Under the conditions described, the radio-
labeled AdoMet remains in the phenol phase. The SDS JKT-7400 virions have methyltransferase activity
and NH4Cl were added to facilitate partition of the methyl-
It was shown many years ago that purified vacciniaated GTP into the aqueous phase.
viruses contain an activity which can methylate the 7
TLC analysis of the methylated products position of the 5*-terminal guanosine of mRNAs with
G(5* )pppA- or G(5* )pppG sequences at their 5* ends;
Methylation reactions were carried out as described
these workers also showed that GTP alone could serve
above. TLC fractionation of the methylated nucleotides
as the methyl acceptor for the vaccinia MTase (Martin
was done as described by Scheidel et al. (1989). The
and Moss, 1975; Martin et al., 1975).
reaction mixtures were extracted with phenol followed
For viruses in the family Reoviridae, incubation of puri-
by chloroform. The aqueous phase was lyophilized, after
fied viral particles with appropriate substrates also re-
which the nucleotides were resuspended in water and
sults in the synthesis of viral mRNAs which are capped
spotted on a polyethyleneimine-cellulose plate (EM Sci-
and methylated at their 5* termini (Furuichi et al., 1976).
ence) which had been prerinsed with 0.2 M formic acid
These viruses must therefore, like vaccinia virus, contain
and dried. The plate was air dried and washed with water
the proteins needed to synthesize the mRNA 5* caps;
and then with methanol. This washing process was then
however, as already noted, in no case has there been a
repeated. Samples were analyzed by ascending chroma-
direct demonstration of MTase activity. To test whether
tography in 1 M formic acid containing 1 M LiCl. The
JKT-7400 virus has MTase activity, gradient-purified viri-
plate was dried and analyzed by fluorography.
ons were incubated with 3H-[methyl]-AdoMet and GTP,
the latter serving as a methyl acceptor, as describedPhotoaffinity labeling of JKT-7400 virus with
under Materials and Methods. Figure 1A shows that the3H-[methyl]-AdoMet
amount of methylated GTP increased with time for about
2 hr, at which point it began to level off. Figure 1B showsGradient-purified JKT-7400HJL virus or virus cores, pre-
pared as described above, were incubated in a reaction that when a reaction mixture was incubated for 2 hr, the
amount of methylated GTP made, over the range shown,mixture (final volume 30–50 ml) containing 5–7 mCi 3H-
[methyl]-AdoMet (15 or 75.9 Ci/mmol), 0.1 M NaCl, 2 mM was directly proportional to the amount of virus added.
These results constitute direct evidence that JKT-7400EDTA, and 50 mM Tris– HCl, pH 8.0, but no methyl ac-
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their respective unmethylated parent compounds [Cross
(1983) and Scheidel et al. (1989)], the demonstration that
following incubation, a nucleotide had become labeled,
and also migrated more rapidly than its unlabeled form
was taken as evidence of methylation.
As shown in Fig. 2, both GTP and GDP served as
methyl acceptors. In contrast to the Sindbis virus methyl-
transferase (Scheidel et al., 1989), GIDP was not a methyl
acceptor for the JKT-7400 virus methyltransferase under
the reaction conditions used here; nor, with the possible
exception of GpppA, were any of the other nucleotides
tested, methylated to a significant degree. With GpppA
there was a suggestion of a low level of methylation.
Similar conclusions concerning the relative abilities of
the various nucleotides to serve as methyl acceptors
were reached when MTase activity was measured as
done for the experiments shown in Fig. 1. Two substrates
we did not test as methyl acceptors for the JKT-7400
enzyme, G(5* )pppG and G(5* )ppp(A)n , were good sub-
strates for the vaccinia virus MTase (Martin and Moss,
1975, 1976).
Kinetic parameters of the JKT-7400 methyltransferase
To determine the concentration of GTP, which is satu-
rating under standard reaction conditions, reaction mix-
tures were set up containing 10 mM AdoMet (4 mCi of
FIG. 2. The specificity of the JKT-7400HJL methyltransferase for various
3H[methyl]-AdoMet) and GTP at concentrations varying
methyl acceptors. Gradient-purified JKT-7400HJL virus particles were from 50 to 2500 mM; these were incubated at 377 for 2
incubated with the various methyl group acceptors (1 mM) and 2.75 hr and then assayed for methylated GTP. Up to 750 mM
mCi 3H-[methyl]-AdoMet (73.4 Ci/mmol) for 2 hr at 377. The methylated
GTP, the enzyme activity was proportional to the GTPproducts were collected from the aqueous phase after phenol extrac-
concentration, but thereafter the activity began to pla-tion and subjected to TLC on PEI-cellulose plate followed by fluorogra-
phy as described under Materials and Methods. The methyl acceptors teau. At 1500 mM, the GTP level was saturating (not
(lanes 1 through 9, respectively) are indicated in the figure. Lane 10 shown).
was a control reaction, in which no methyl acceptor was added. The Methyltransferase reactions were then set up con-
fluorogram represents the methylated products. The locations of the
taining 2000 mM GTP and concentrations of 3H-[methyl]-unmethylated nucleotide standards, as marked by dotted circles, were
AdoMet ranging from 0 to 200 mM. The results weredetermined by ultraviolet light absorbance.
plotted using an Eadie–Hofstee plot (Fig. 3) and a Line-
weaver–Burke plot (not shown). An apparent Km for Ado-
virus like vaccinia virus, contains an MTase activity which Met of approximately 24.6 mM was calculated from the
is capable of methylating GTP. Eadie–Hofstee plot and a Vmax of 3.2 1 1002 mmol/min/
mg of virion protein. Very similar results (Km of 22.2 mM
The specificity of the JKT-7400HJL methyltransferase and Vmax of 3.1 1 1002 mmol/min/mg of virion proteins)
for methyl acceptors were obtained from the Lineweaver–Burke plot. For com-
parison, the vaccinia capping enzyme had a Km for Ado-To test the specificity of the JKT-7400HJL methyltransfer- Met of 3.1 mM (Higman et al., 1994a).
ase for various methyl acceptors, virions were incubated
as above with 3H-[methyl]-AdoMet and one of a number Photoaffinity labeling of JKT-7400 virus
of different nucleotides: GTP, GDP, GIDP (guanylylimi- methyltransferase with 3H-[methyl]-AdoMet
dodiphosphate), GpppA, ATP, UTP, or CTP. Following ex-
traction of the reaction mixtures with phenol, samples of There have been a number of reports describing
the crosslinking of radioactively labeled AdoMet to meth-the aqueous phase were fractionated by TLC on PEI-
cellulose and analyzed by autoradiography. yltransferases. Examples include the vaccinia virus
MTase (Higman and Niles, 1994b), EcoRII MTase (SomIn Fig. 2, the dotted circles indicate the locations of
the unmethylated nucleotide standards as visualized by and Friedman, 1990), protein-O-carboxymethyltransfer-
ase, and phenylethanolamine N-methyltransferase (Hurstultraviolet light absorbance. Since guanine-7-methylated
derivatives migrate faster on PEI-cellulose plates than et al., 1984). To associate the MTase activity of JKT-7400
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virus with a specific viral protein, we therefore incubated
gradient-purified virus with 3H-[methyl]-AdoMet, irradi-
ated the mixture with UV light, fractionated the virus using
SDS–PAGE, and following fluorography of the gel, looked
to see which protein was specifically labeled.
As shown in Fig. 4A, lane 1, two prominent labeled
bands corresponding to VP4 and VP7 were seen when
the reaction mixture was irradiated in the absence of
DTT. However, when DTT was added (lanes 2 and 3),
the labeling of VP7 was abolished, whereas the labeling
of VP4 was not significantly affected. This result sug-
gested that the MTase activity was associated with VP4,
and that the labeling of VP7 was not specific.
For purposes of confirmation we also carried out the
reaction in the absence of DTT, but with subviral and
core particles. VP7 is present in the subviral particles
FIG. 4. Photoaffinity labeling of JKT-7400 virus with 3H-[methyl]-Ado-(lane 5) but not in the core particles (lanes 4 and 6) [see
Met. JKT-7400 virus or virus cores were incubated with 3H-[methyl]-Fig. 4B, which represents a Coomassie blue stain of the
AdoMet and then UV-irradiated; the irradiated samples were fraction-
same gel shown in Fig. 4A as an autoradiogram; Liao ated by SDS–PAGE and analyzed as described under Materials and
and Stollar, 1997]. Lanes 4 and 6 represent core particles Methods. A is a fluorogram and shows the viral protein(s) which were
labeled by 3H-[methyl]-AdoMet. B is a Coomassie blue-stained gelprepared by treating virions with trypsin or chymotrypsin,
which shows the viral proteins which were present in the UV-irradiatedrespectively, in the presence of a high concentration of
reaction mixtures. Lanes 1–3 represent untreated JKT-7400 virus parti-MgCl2 . Although in both cases (see Fig. 4B, lanes 4 and cles. Lane 4 represents core particles obtained by treating the virus
6) there appears to be some residual or degraded VP2 particles with 80 mg trypsin/ml in the presence of 400 mM MgCl2 ;
(VP2 is a major protein located in the inner shell of the lane 5 represents subviral particles obtained by incubating the virus
particles only with 400 mM MgCl2 ; lane 6 represents core particlesvirion), these particles did not contain VP7, VP3, or VP5,
obtained by treating the viral particles with 80 mg chymotrypsin/ml plusthe other major viral proteins. Nevertheless, in each case
350 mM MgCl2 . 1 or 10 mM DTT was added to the reaction mixturesVP4 was clearly labeled.
represented in lanes 2 and 3, respectively, prior to UV-irradiation. Lane
Lane 5 represents subviral particles prepared by treat- V represents the proteins of untreated JKT-7400 virus which served as
ing virions with a high concentration of MgCl2 , but with- markers.
out any proteolytic enzyme. Such particles are lacking
the outer viral proteins, VP3 and VP5 (Liao and Stollar,
The result was essentially similar to what was seen in1997; and Fig. 4B). In this reaction, both VP4 and VP7
lane 1 (the reaction of whole virions with radiolabeledwere labeled; however, this result was not surprising
AdoMet in the absence of DTT), in which case, VP7, assince the reaction was carried out in the absence of DTT.
well as VP4, was labeled.
Figure 5 shows that in a reaction using viral particles
as the source of the MTase, both unlabeled AdoMet and
unlabeled AdoHcy inhibited the binding of the 3H-labeled
AdoMet to VP4. These reactions were carried out in the
presence of 5 mM DTT. When similar reactions were
carried out in the absence of DTT, so that both VP7 and
VP4 were labeled, the labeling of VP7 by 3H-[methyl]-
AdoMet was not inhibited either by unlabeled AdoMet
or unlabeled AdoHcy (not shown). The labeling of VP4,
however, was inhibited. The results shown in Figs. 4 and
5 identify VP4 as an AdoMet binding protein and suggest
that it is the MTase which methylates the 5* terminal G
residue of the viral mRNAs.
FIG. 3. The dependence of the JKT-7400 virus methyltransferase
reaction rate on the concentration of AdoMet. Gradient-purified JKT-
7400HJL virus particles (1 mg virus protein/50 ml reaction) were incubated DISCUSSION
for 2 hr at 377 with 2 mM GTP and varying concentrations of AdoMet
(including 4 mCi of 3H-[methyl]-AdoMet in each reaction mixture). Fol- Viruses in the family Reoviridae have segmented ds
lowing the incubations, the reaction mixtures were extracted with phe-
RNA genomes, replicate in the cytoplasm, and generatenol and the methylated GTP was collected and measured as described
mRNAs, the 5* termini of which are capped and methyl-under Materials and Methods. The results were analyzed by means of
an Eadie–Hofstee plot. ated. As is also true for most minus strand RNA viruses
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Three distinct enzyme activities are needed to cap
and methylate the 5* termini of mRNAs: (1) an mRNA
triphosphatase, (2) an mRNA guanylyltransferase, and (3)
an mRNA MTase (see Shuman, 1995, for a review). With
respect to the identification of the viral proteins responsi-
ble for these activities, more is known about vaccinia
virus than about any other virus. Two proteins encoded
by vaccinia virus, with molecular weights of 95 and 33
kDa, form a heterodimer, which has all three of these
activities. However, by analyzing these proteins as ex-
pressed in E. coli, it was shown that all three activities
are in fact associated with the larger subunit, i.e., the 95-
kDa protein (Higman and Niles, 1994b; Shuman, 1995).
With alphaviruses, it is clear both from genetic studies
with Sindbis virus and from expression of the viral MTase
in E. coli that the RNA MTase activity is associated with
the nonstructural protein, nsP1 (Mi et al., 1989; Mi and
Stollar, 1991). Studies of SVMPA , a mutant of Sindbis virus
which is resistant to mycophenolic acid, led us to sug-
gest that the guanylyltransferase activity is associated
with the same protein (Scheidel and Stollar, 1991). Sub-FIG. 5. Effect of unlabeled AdoMet and AdoHcy on the photolabeling
sequently, experimental evidence was presented whichby [3H-methyl]-AdoMet of VP4 in JKT-7400 virus particles. Gradient-
purified JKT-7400HJL virus particles were incubated with 3H-[methyl]- showed conclusively not only that nsP1 is the guanylyl-
AdoMet in the presence of 5 mM DTT and subjected to UV-irradiation transferase, but also that the capping pathway used by
as described under Materials and Methods. Unlabeled Ado Met to final alphaviruses differs from the classical pathway used by
concentrations of 1, 5, 20, 50, and 100 mM, respectively, was added to
vaccinia and reoviruses (Ahola and Ka¨a¨ria¨inen, 1995).the reaction mixtures represented in lanes 2, 3, 4, 5, and 6. AdoHcy to
Whereas in the classical pathway, the 7 position of thefinal concentrations of 5, 20, 50, and 100 mM, respectively, was added
to the reaction mixtures represented in lanes 8, 9, 10, and 11. The guanine moiety is methylated after the guanylyl group is
reaction products were fractionated and analyzed by SDS–PAGE and transferred to the RNA, in the case of alphaviruses, GTP
fluorography. must be methylated prior to transfer of the guanylyl group
(Ahola and Ka¨a¨ria¨inen, 1995).
Turning to viruses in the family Reoviridae, the reovirusand vaccinia virus, the enzyme activities which are
needed to modify the 5* termini of the viral mRNAs are guanylyltransferase has been associated with the l2 pro-
tein, a major structural protein which forms pentamericpresent in the viral particles.
In an earlier report (Liao and Stollar, 1997), we showed spikes extending from the core to the surface of the virion
(Shatkin et al., 1983; Cleveland et al., 1986). On the otherthat incubation of a-[32P]GTP with purified JKT-7400 viri-
ons or viral cores, led to the labeling of VP6, one of hand, the rotavirus and the blue tongue virus (the proto-
type orbivirus) guanylyltransferase activities are both as-three minor proteins in the viral core. Based on similar
experiments carried out with vaccinia virus (Shuman and sociated with minor proteins found in core particles, VP3
in the former case (Liu et al., 1992) and VP4 in the latterHurwitz, 1981), reovirus (Cleveland et al., 1986), rotavirus
(Pizarto et al., 1991; Liu et al., 1992), and blue tongue virus case (LeBlois et al., 1992). Association of the JKT-7400
virus guanylyltransferase activity with a minor protein,(Leblois et al., 1992) the demonstration in this manner,
of a covalently bound GMP–protein complex strongly VP6, in the virus core, would therefore not be surprising.
The results of photoaffinity labeling experiments withsuggests that VP6 is the RNA guanylyltransferase, i.e.,
the capping enzyme. reovirus and 8-azido-S-adenosyl [35S]methionine sug-
gested that the l2 protein in addition to being the RNAAlthough viruses in the family Reoviridae contain the
enzyme activities needed to cap and methylate the 5* guanylyltransferase was also the mRNA MTase (Seliger
et al., 1987). On the other hand, Mao and Joklik (1991)termini of the viral mRNAs, to date there has been no
direct biochemical demonstration of an MTase activity were not able to demonstrate any MTase activity for the
l2 protein. Nor in the case of rotavirus or blue tongueassociated with any of these viruses. We have now
shown that both purified JKT-7400 virions and viral cores virus has there been any assignment to a specific viral
protein of a MTase activity.have the ability to transfer a methyl group from AdoMet
to GTP; and by using radioactively labeled AdoMet and We have shown that VP6 in core particles of JKT-7400
virus can form a covalent complex with GMP, that VP4UV irradiation to photoaffinity label JKT-7400 virus or viral
cores we showed that VP4 is an AdoMet-binding protein, in core particles can bind AdoMet, and that core particles
possess MTase activity. It is not known, however,a finding which points to VP4 as the RNA MTase.
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ing to a minor virion protein, VP6, as the RNA guanylyltransferase.whether any of these activities can be expressed by the
Virology 228, 19–28.individual proteins. A better understanding of how the
Liu, M., Mattion, N. M., and Estes, M. K. (1992). Rotavirus VP3 expressed
JKT-7400 core proteins interact and function to modify in insect cells possesses guanylyltransferase activity. Virology 188,
the 5* termini of the viral mRNAs will undoubtedly emerge 77–84.
Mao, Z., and Joklik, W. K. (1991). Isolation and enzymatic characteriza-from studies in which the core proteins are expressed
tion of protein l2, the reovirus guanylyltransferase. Virology 185,individually and together.
377–386.
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